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INTRODUCTION 
The early work of Brattain and Bardeen[l] demonstrated that under 
illumination, a semiconductor surface develops a potential which can be 
measured with non-contact, capacitive coupling. Since then, the surface 
photo-voltage (PV) effect has received sporadic experimental as well as 
theoretical considerations. A number of experiments have been reported 
(with and without contacts) which make use of both dc and ac surface PV 
(see, for example, Ref. 5). In the latter form, the incident light is 
modulated at frequencies ranging from a few Hz to a few MHz. Both the dc 
and ac embodiments of the surface photo-voltage effect have been used to 
study various minority and majority carrier transport mechanisms in the 
presence of various degrees of inversion (or accumulation) of the semi-
conductor surface. 
Theoretical treatment of the PV effect has also been sporadic and 
lacking in completeness. Existing models for the PV effect are either 
too simplified to accurately represent a physical semiconductor surface, 
or are too general to be useful for the interpretation of experimental 
data. It is nevertheless clear from theoretical considerations and from 
existing experimental results (using incident photon energies above and 
below the semiconductor bandgap) that the PV effect contains valuable 
quantitative information which is specific to the space charge region of 
a semiconductor surface or junction. 
It is the object of this paper to demonstrate that the PV effect 
affords the opportunity to quantitatively measure some of the technolog-
ically important properties of a semiconductor surface or junction with-
out contacting the sample and with a spatial resolution that is consistent 
with very large scale integration (VLSI) technology. It is also shown that 
non-contact PV is very sensitive to junction bias and can therefore be 
used to detect the on-off state of an operating transistor. 
When an electric charge is brought into the proximity of a neutral 
semiconductor surface at room temperature, the intrinsic distributions 
of thermally ionized electrons and holes rearrange so as to self-
consistently minimize the total energy, Coulomb plus kinetic. This is 
accomplished by screening of the extrinsic charge which occurs within a 
characteristic length (Li ) that can be written in terms of the Debye 
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screening length (XD) for a dilute plasma; Li2 = 1/2 XD2 , where XD = 
Ite2~/n , e is the charge of the electron, n is the plasma density, t is 
the dielectric constant and ~ = 1/ (kBT), where kB is Bol tzman' s cOllstant, 
and T is the lattice temperature. If additional carriers are introduced 
into the semiconductor by photo-excitation then a redistribution of the 
total charge occurs with a decrease in the screening length. When the 
photo-excitation is removed the excess carriers recombine, and the charge 
density and screening length return to their initial distribution at a 
rate that is directly determined by the effective lifetime (t) of photo-
excited carriers, a quantity which is strongly affected by the presence 
of non-radiative recombination centers. If the illumination is turned on 
and off periodically at some frequency Q that is not too large compared 
to 2~/t, then the screening charge also undergoes periodic redistrib-
ution. The periodically varying field that results from the fluctuating 
distribution of screening charge can be detected with a non-contact 
electrode in the proximity (near-field region) of the semiconductor sur-
face as shown schematically in Fig. 1. The detected signal is commonly 
termed ac photo-voltage. This is in contrast with a dc photo-voltage 
measurement in which the incident light is not modulated and the surface 
potential is measured with a vibrating reed electrometer or Kelvin 
probe[1,2] with and without illumination. 
An electrostatic charge at or near a semiconductor surface is es-
sential for the PV effect to occur. Such a surface charge can arise from 
several sources. For example a conductor in the proximity of a semicon-
ductor surface, as in a metal-insulator-semiconductor (MIS) structure, 
can be raised to some potential with respect to the semiconductor. An 
electrostatic surface charge can also develop when interface states form 
because of (1) incomplete bonding of surface atoms, (2) adsorbed or 
chemisorbed active chemical species, or (3) the semiconductor surface is 
contacted by a solid or liquid. Finally, an electrostatic surface charge 
near a passivated semiconductor surface can develop within an insulating 
surface film such as an oxide film grown on silicon. Charged states in 
an oxide film can be formed in a number of ways. (1) Charged impurity 
ions can be trapped in the oxide, (2) charged centers can be formed by 
exposing the oxide to energetic photons such as with ultraviolet illumi-
nation, or (3) dielectric breakdown. Whatever the cause of a surface or 
interface charge, it is prerequisite to establishing a screening charge 
distribution within the semiconductor. It is the screening charge that, 
when modulated by periodic or pulsed photo-excitation of carriers, gives 
rise to the ac PV effect. 
Figure 1. Schematic arrangement for measuring the ac PV response of a 
semiconductor surface or junction. The incident light is modu-
lated at frequency Q and the incident photon energy is 
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hv. S is the sample, E is the pick-up electrode, PA is a 
current amplifier and L-I is a lock-in amplifier. Sufficient 
Signal is recorded with a 2mm by 6 mm pick-up electrode at a 
distance of 5 mm from the sample surface. 
DISCUSSION 
Since the discovery of the photo-voltage effect, general 
phenomenological frameworks with which to describe the ac PV signal and 
its relation to the bulk, as well as surface properties of semiconductors, 
have been attempted by several authors[3-5j with varying degrees of suc-
cess for homogeneous semiconductor surfaces as well as for P-N junction 
devices. What is evident from the available data and theoretical de-
scriptions is that the ac PV signal contains detailed information about 
the semiconductor surface which can be obtained non-destructively and 
without contacting the sample. The capacitively coupled ac PV technique 
can provide information pertaining to the energy levels of impurity states 
at a P-N junction or semiconductor surface that can be obtained from the 
dependence of the ac PV amplitude and phase on the wavelength of the in-
cident light at various temperatures and modulation frequencies of the 
incident light. Furthermore, when the incident photon energy is less than 
the fundamental bandgap, ac PV can be used to obtain information on energy 
levels and activation energies for bulk states in the forbidden gap. One 
can obtain spectroscopic data as a function of temperature above and below 
the bandgap which can be directly related to impurity states in the bulk, 
and at a surface or interface. Surface states, bulk states and quality 
of P-N junctions can all be probed with ac PV by making appropriate use 
of wavelegth and temperature modulation. This has been demonstrated in 
the literature[2,6-8j to some degree and will not be discussed further 
in this contribution. 
What we want to demonstrate in this article is that ac PV is poten-
tially a very useful diagnostic tool which can be used to aid silicon and 
gallium arsenide processing. The ac PV technique allows one to 
quantitatively probe semiconductor junctions at various stages in the 
VLSI processing cycle with a high degree of spatial resolution and high 
degree of sensitivity to surface or junction properties at room temper-
ature and without contacting the sample. For example with the simple ex-
perimental arrangement shown in Fig. 1, the quality of transistor 
junctions fabricated on a wafer can be probed (prior to metallization) 
with a spatial resolution of a few microns. Furthermore we show that the 
ac junction PV signal (magnitude and phase components) emanating from a 
P-N junction is very sensitive to the bias state of the junction and can 
be used to monitor the on-off state of a transistor and facilitate non-
contact electrical testing of chips. For the purpose of giving a general 
overview of the ac PV technique in areas of application that have not 
previously been reported, we make use of the formalism developed by Garret 
and Brattain[9] and by Johnson[lOj, for calculating the photovoltage re-
sponse at the surface of a homogeneous semiconductor or of a P-N junction. 
More detailed treatments which include trapping levels and lifetimes have 
been subsequently given by other authors[3-5j. 
It is fairly straight forward to show[lOj that the ac PV Signal at 
the surface of a homogeneous semiconductor is given by 
PV(p) - + In(I+Ap/PO) (1) 
for a p-type semiconductor, and 
PV(n) - ± In(l+An/NO) (2) 
for an n-type semiconductor. The upper sign corresponds to an inverted 
surface, while the lower, to an accumulated surface. Ap = An is the excess 
minority carrier density at the surface injected by the incident light 
and NO' Po are the majority carrier concentrations. Eqs. I and 2 are 
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Figure 2 . Dependence of the ac surface PV amplitude on inCIdent power 
fluence at 632 nm. The sample is high resistivity silicon 
with a native surface oxide . 
similar in form to the open-circuit potential (Voc ) generated by a P-N 
photocell . This can be written as V = - (kBT/e)ln(1+1 /1 0) where I is oc g g 
the photo-generation current and 10 , the saturation current . The func-
tional dependence of Eqs. 1 and 2 on photo-excitation is demonstrated 
experimentally in Fig . 2 where the ac PV amplitude from the surface of a 
low resistivity silicon sample is plotted as a function on incident power 
fluence using the experimental arrangement shown in Fig. 1. The ac PV 
amplitude is clearly a logarithmic function of the incident power fluence. 
When An (or ~p) is much smaller than Po (or NO) Eqs. 1 and 2 reduce to 
the small signal limit given by 
PV(p) - ';" An/Po I surface (3) 
PV(n) - ± ~n/NOlsurface (4) 
With simplifying assumptions regarding the absorption of light at a 
semiconductor surface , it can be shown[l2) that when the incident light 
is modulated sinusoidally at frequency n, the density of photo-excited 
carriers near the surface is given by 
~n(z=O,t) - 1+1rrcOs(nt+O) (5 ) 
where the phase shift a depends on the effective carrier lifetime t and 
is given by tanO = - J (r-1)/(r+l) , with r =J 1+(nt)2' , and z is the 
distance into the sample. In the simplified model described in Ref. 12, 
a varies between 0 and ~/4 when the product nt varies over the range 1 
» nt » 1. Therefore, the phase shift of low Signal photovoltage is a 
direct measure of the minority carrier lifetime at the semiconductor 
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surface. This is true for the range of n where junction or surface 
capacitance effects can be neglected. A more rigorous model for the 
photo-voltage phase shift should include the spatial distribution of in-
jected carriers in the presence of a surface electric field, and the 
spatial distribution of the screening charge itself. However, rather than 
to present a detailed model of surface and junction ac PV, it is the 
purpose of this contribution to demonstrate some of the as yet unexplored 
applications of ac PV which may be useful for the semiconductor industry. 
SCANNING ac SURFACE PHOTO-VOLTAGE 
Under strong photo-excitation, that is when dn/NO » 1, the screening 
length can be shown!ll] to have a characteristic decay distance which 
decreases with dn according to L = Li/J(dn/NO) . Excess carrier transport 
under these conditions is predominantly by ambipolar diffusion of 
electrons and holes driven by the carrier gradient and little sensitivity 
to surface or interface conditions is expected. In addition, high photo-
excitation tends to cause saturation of trap states and further render 
the ac PV probe insensitive to their presence. On the other hand, when 
the photo-excitation level is low in the sense that ~n/No « 1, then L = 
Li and the photo-excited carriers cause only a small perturbation on the 
screening charge distribution. In this case, excess carrier transport is 
dominated by the surface potential and the ac PV signal should be sensi-
tive to the magnitude of this potential and the distribution of screening 
charge, both of which are strongly affected by the type and distribution 
of surface (or interface) states. Low signal ac PV should then be a very 
sensitive non-contact probe of the space-charge region of a semiconductor 
surface or junction. 
The low signal ac PV response was measured over an area 1.6 X 1.0 
mm 2 on a partially fabricated wafer. The incident laser beam of 10 ~mW 
at 632 nm is chopped at 10 kHz and focused to a spot size of 10 ~m with 
a X 10 microscope objective. The ac PV signal is detected with a pick-up 
electrode approximately 500 ~m above the wafer surface. Sufficient signal 
is recorded with a pick-up electrode of millimeter dimension at a distance 
of 5 mm from the sample surface. The signal is processed with a lock-in 
amplifier interfaced with a personal computer. The PV phase and magnitude 
as a function position of the focused laser beam can be displayed on a 
color monitor from which Figs. 3 and 4 are obtained. Relative variations 
in the phase shift of the ac PV signal over a portion of the wafer with 
various implantation patterns is shown in Fig. 3. These variations in 
phase shift should correspond primarily to variations in junction type 
+ - + - --(e.g. p /p , n /p , and n /p ) over the differently doped regions. Other 
variations within areas of the same implantation type are also visible 
and probably correspond to variations in minority carrier lifetimes due 
to the possible presence of impurities or defects. Because this wafer 
has undergone only the first level in doping pattern the doped regions 
are large. Nevertheless, local variations in phase shift over an area of 
the order of the spot size of the focused laser beam are clearly visible. 
In Fig. 4 are shown corresponding variations in the magnitude of the PV 
signal over the same region. While magnitude variations are more difficult 
to interpret, these are most probably related to variations in junction 
potential. From these initial results it is not unreasonable to anticipate 
the ability to inspect wafers at various stages of processing prior to 
metallization with less than 1 ~m spatial resolution. Both amplitude and 
phase of the ac PV Signal should display sensitivity to such local tran-
sistor defects as dislocations, which should become detectable with a 
spatial resolution of the order of 1 ~m. 
1171 
Figure 3. Variations of ac PV phase shift over a 1 .6 X 1.0 mm 2 area on 
a VLSI at an early fabrication stage. The pattern corresponds 
to areas of different doping on a p-type substrate. The PV 
signal is recorded through a thick silicon dioxide film on an 
n-type epitaxial layer which covers the entire pattern. 
Figure 4. ac PV amplitude variations simultaneously recorded with Fig. 3. 
As discussed above , the width of the screening charge distribution 
is reduced at high photo-excitation levels. In fact, it can be shown[ll) 
that at very high photo-excitations the ac PV amplitude and phase become 
less sensitive to (P-N) junction parameters, such as P and N doping con-
centrations. This effect has been observed(14) in conjunction with Figs. 
3 and 4 . At increasing photo-excitation fluences, contrast over the fab-
ricated pattern is reduced, and at about 10 kW/cm2 the same area appears 
quite uniform in both magnitude and phase. 
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Sensitivity of the ac PV signal to an externally applied potential 
across a P-N junction is demonstrated in Figs. 5 and 6. A commercially 
available PIN ph0to-diode was used in this measurement without removing 
it from its normal housing. Consequently the pick-up electrode is located 
approximately 3 mm away from the diode surface. The signal leads remained 
unconnected during the measurement. A variable potential bias was applied 
in the normal manner. In Fig. 5 is plotted the variation of the ac PV phase 
with applied bias, both reverse and forward. Phase variations are most 
probably due to variations in the width of the space charge region with 
applied bias as well as variations in the rate of charge transport across 
the junction. In Fig. 6, a similar plot is made of the magnitude of the 
ac PV signal which senses primarily the potential difference across the 
junction of the photo-diode. What is significant in these figures is that 
they demonstrate the ability of the non-contact ac PV probe to sense 
variations in the bias state of a semiconductor junction or variations 
in the junction potential. These results demonstrate the ability of the 
PV probe to sense not only the "on" or "off" state of transistors in a 
working chip, but also to measure quantitatively the actual junction po-
tential while a VLSI transistor is either in a state of forward or reverse 
bias. The ac PV magnitude and phase can then be used as a quantitative 
measurement of the performance of a particular transistor. With the spa-
tial resolution that can be achieved by using a scanning optical micro-
scope, it is possible to synchronize clock pulses propagating through a 
test chip with the rester scan of a chopped and focused optical beam. A 
real-time (strobe) image of a VLSI chip's electrical performance can 
therefore be obtained at an early stage, prior to mounting the finished 
chip for final electrical testing. 
SCANNING ac BULK PHOTO-VOLTAGE 
Thus far we have considered only the surface or junction ac PV re-
sponse from semiconductors. At this point evidence is presented for a bulk 
PV mechanism whose origin is based on the charged state of bulk traps that 
are ionized by incident sub-band photo-excitation. The bulk PV signal 
originating from photo-ionized traps should be contrasted with the 
Dember[13) effect in which a drift potential arises from the difference 
in mobility between the photo-generated electron and hole distributions. 
In the case of bulk PV, a drift potential is provided either by the 
charged state of a trap, or by the local strain gradient of a dislocation. 
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Figure 5. Dependence of ac PV phase shift on applied bias potential for 
a common PIN photo-diode. The incident light (632 nm) is 
chopped at 1 kHz and has a fluence of 0.1 W/cm2 . 
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Figure 6. Variation of ac PV amplitude with applied bias obtained 
simultaneously with data in Fig. 5. 
The spectral response of the ac PV signal should be identical to the 
spectral response of an open circuit photocell for the corresponding 
semiconductor material. This has been shown previously by other workers 
using semi-transparent contact electrodes[2,6-8). We have made similar 
observations [14) by using our non-contact ac PV apparatus. In addition, 
impurity band states can cause absorption of light with energy less than 
that of the forbidden energy gap. Absorption of light by an impurity atom 
in the semiconductor crystal lattice generally leads to ionization of the 
impurity site, which creates a charged trap center and an electron in an 
unbound state. The lifetime of the ionized impurity state can vary from 
a few nanoseconds to several hours, depending on the interaction between 
the lattice and the impurity, which determines transition rates and se-
lection rules for recombination, and the availability and interaction of 
other impurities or impurity complexes which can also lead to carrier 
capture. Sub-band impurity sates can then be detected spectrally and 
spatially using the non-contact scanning ac PV probe and a tunable source 
of light. 
In the case of semi-insulating, liquid encapsulate Czochralski (LEC) 
GaAs, a broad peak in the non-contact ac PV response is observed for in-
cident photon energies between 0.5 eV and 1.2 eV with a broad peak in the 
0.75 - 0.77 eV region. This broad continuum is commonly referred to as 
the EL2 absorption band(15). Using the 1.13 pm (1.1 eV) line from a He-Ne 
laser and the scanning arrangement depicted in Fig. 1, the spatial vari-
ation of the ac PV response was recorded for a semi-insulating GaAs wafer 
as shown in Fig. 7. One can readily recognize the typical cellular dis-
location network which can also be observed by photo-luminescence [16-17) , 
X-ray topography, etch pit pattern, and near-infrared absorption(18). 
In the latter measurements, absorption is thought to be due to EL2 impu-
rity states[15,18) which congregate, by intrinsic gettering, to the high 
dislocation density regions of cell walls. The sub-band ac PV technique 
is well able to detect areas of relatively high EL2 density. The results 
shown in Fig. 7 should be contrasted with those shown in Fig. 8 where the 
ac PV response is recorded over the same region of the wafer, but at an 
incident wavelength of 632 nm. At visible wavelengths, the dominant ac 
PV contribution comes from the high density of photo-excited free 
electrons and holes which may saturate surface traps and generate some 
surface potential. The structure observed in Fig. 8 is distinct from 
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Figure 7. Bulk ac PV amplitude variations from a semi-insulating, LEC 
GaAs wafer. The excitation wavelength is 1.13 pm at 2 mW. 
The scanned area is 3 X 2 mm 2 . The dislocation cellular 
structure, which is typically 50 - 100 pm in diameter for 
this type of wafer, is most clearly visible in the upper and 
lower left quadrants. 
that in Fig. 7, and probably represents variations in surface activity 
due to surface contamination, or variations in stoichiometry over the 
wafer surface. The data represented in Fig. 7, clearly originates from 
the bulk and arises from periodic trap ionization[19} or charging in the 
presence of periodic photo-excitation at 1.13 pm. In this case, trap 
lifetimes can be related to the phase shift of the ac PV signal as a 
function of the modulation frequency Q, and the trap level can be deter-
mined from the wavelength dependence of the sub-band ac PV spectrum. 
Figure 8. Surface ac PV amplitude variations over the same area scanned 
in Fig. 7. Here, the incident wavelength is 632 nm at 0.4 mW. 
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CONCLUSION 
It has been the object of this contribution to briefly point out some 
of the unique applications of non-contact ac photo-voltage measurements 
in relation to the semiconductor industry's requirements for inspection 
during VLSI wafer processing and for early electrical testing prior to 
chip packaging, as well as to point out areas where non-contact, ac PV 
measurements at low photo-excitation levels can be used to probe funda-
mental semiconductor processes such as trapping energy, lifetimes and 
kinetics. 
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